Abstract-In this paper we present the first CMOS MEMS thermoelectronic multidirectional flow sensor. We also introduce a Constant Temperature circuit based on diode thermal feedback and calibrate the sensor for 2D multidirectional wall shear stress measurements up to 2 Pa. The sensor electro-thermal transduction efficiency is 115 µW/°C. Average sensitivity is 250 mV/Pa at 225 °C operating temperature (Vd=0.55 V), and angular accuracy is below 5°.
INTRODUCTION
Multidirectional flow sensors find application in a variety of fields, where both intensity and direction of fluid flow play a crucial role, such as energy conversion, turbomachinery, transportation, and agriculture in addition to medicine, civil engineering and flow profiles analysis for drag reduction in moving vehicles. For instance, in [1] air flow control for health, wellbeing and energy efficiency was proved to be of great interest for the practical implementation of modern concept such as Smart-Cities and Smart-Buildings. For most of this applications traditional thermal anemometers or other mechanical flow sensors are not suitable because of their size, cost and electronics integration issues. Silicon micro-sensors are perfect candidates in this prospective. Additionally, in applications where data have to be gathered on large scale (agriculture, building management and control, and so forth) wireless sensor networks are particularly attractive and they nicely couple with CMOS based flow sensors, which offer the unique opportunity of easy system integration, low power consumption and low unit-cost.
A comprehensive review of multidirectional micromachined flow sensors was reported in [2] . Interestingly there are only two reports regarding thermoelectronic multidirectional flow sensors [3, 4] . The sensor presented in [3] is not CMOS and the sensor presented in [4] , although CMOScompatible, lacks any kind of thermal isolation scheme. During the Transducer2017 Conference [5] our group reported on the intrinsic advantages of thermoelectronic flow sensors in comparison to their thermoresistive and thermoelectric counterparts, and briefly presented the design of a multidirectional thermoelectronic flow sensor. In this work we present and discuss experimental characterisation of such sensor operated in Constant Temperature (CT) mode.
II. SENSOR DESIGN
The sensor was designed using Cadence TM Virtuoso ® layout editor. Optical micrographs of the fabricated thermoelectronic multidirectional flow sensor is presented in Fig. 1 . The sensor chip comprises a 60 µm diameter tungsten micro-heater. A 80 µm diameter p+/p-well/n+ diode temperature sensor is embedded underneath the micro-heater. Eight temperature sensing diode arrays are symmetrically arranged in pairs around the micro-heater. Each pair has a first array positioned 70 µm away from the heater and a second array positioned 120 µm away from the micro-heater. Each array is formed by five single crystal Si p+/p-well/n+ diodes. Each diode is 10 × 10 µm in size. Effective thermal isolation and robust mechanical support for the heating and the temperature sensing elements is achieved by mean of a few micron thick dielectric membrane. The silicon dioxide diaphragm was designed to be circular (600 µm diameter) in order to obtain a uniform mechanical stress distribution at the edge with the silicon substrate. All pads were placed far away from the sensing area in order to avoid interaction between the air flow and the bonding wires. The chip is provided with an additional diode temperature sensor (identical to the diode underneath the micro-heater) placed on the substrate for ambient temperature monitoring/compensation purposes (Fig.  2) . Optical micrograph of the fabricated multidirectional thermoelectronic flow sensor (membrane area close-up). Multidirectional thermoelectronic flow sensor schematic crosssection (not to scale) fabricated in SOI CMOS MEMS technology.
The flow sensor was fabricated using a 1 µm SOI CMOS process with tungsten metalization followed by DRIE backetch post-CMOS MEMS process step in a commercial foundry. Tungsten was preferred to aluminium as metal layer because of its superior thermo-mechanical properties. DRIE was chosen as membrane releasing process, because it allows vertical sidewalls to be obtained and therefore chip size reduction. In addition, the employment of DRIE does not put any limitations in terms of the diaphragm shape, since it is not constrained by the silicon substrate lattice orientation. Furthermore, accurate control on the etching depth is guaranteed by the SiO2 buried oxide layer, which acts as effective etch-stop. The 6" wafers were laser diced in a commercial dicing house. Several dies (1.6 mm × 1.6 mm in size) were subsequently packaged inhouse as described in [6] .
III. EXPERIMENTAL AND DISCUSSION
The diode sensitivity was extracted between 50 °C and 250 °C, for a driving current Id=100 µA and resulted to be -1.3 mV/°C. Note that for this test the diode on the substrate of the chip was used, in order to avoid that the thermal isolation offered by the membrane affected the accuracy of the calibration procedure. Afterwards, electro-thermal characterisation of the micro-heater was performed as described in [6] . An electro-thermal conversion efficiencies 115 µW/°C was extracted. Packaged multidirectional flow sensors were then calibrated for wall shear stress measurements in the same wind tunnel setup described in [6] .
Traditionally, the temperature of the heating element is kept constant by mean of a Wheatstone bridge arrangement. The heater is one of the arm of the bridge and its resistance is forced by the servo amplifier to be the same of the variable resistor on the opposite arm. In this arrangement the microheater works also as temperature sensor. Several drawbacks arise: (i) the micro-heater design is coupled to the temperature sensor design, thus making impossible an independent optimization of the two components, (ii) the temperature sensor sensitivity is dependent upon the TCR of the material used, and in a CMOS process the material choices are very limited, (iii) the heating/sensing element suffers from electromigration. In this section the CT circuit (Fig. 3) is based on the thermal coupling between the micro-heater and the temperature sensor, in form of a P-I-N diode placed underneath the micro-heater. Diodes offer several advantages in comparison to resistive temperature sensors: (i) their temperature coefficient is constant and can be tuned by proper driving and design; (ii) Fig. 3 .
Schematic depiction of diode-controlled thermal feedback for Constant Temperature operation. more diodes can be connected in series, the total sensitivity of the temperature sensor is proportionally increased and much higher than resistive temperature sensor; (iii) they can be designed extremely small, thus limiting intrusiveness, (iv) they can be placed underneath the heater, allowing accurate temperature evaluation; (v) their performance are more reproducible than resistive devices, because the fabrication tolerances are much better for the silicon layer than for the metal layers; (vi) they do not suffer from electromigration, since they are driven with a very low current; (vii) they can be designed to have negligible piezo-junction effect and (viii) they can be part of more complex but very accurate temperature sensing circuit, such as IPTAT or VPTAT. CMOS technology allows the circuitry to be integrated on chip, on the substrate area off the membrane; however for this preliminary study discrete components were used for the CT circuit implementation. The reference voltage (Vd) determines the operating temperature of the heating element. Vd can be a DC signal (as in this study) or an AC signal. An AC signal can be used to reduce the heater power consumption or to operate the flow sensor in Time-of-Flight mode or even to implement 3ω driving method. The presence of an additional diode on the substrate of the chip also allows easy implementation of a Constant Temperature Difference (CTD) driving circuit.
In Fig. 4 a direct comparison between Constant Current (CC) driving mode and CT driving mode is proposed. CT driving mode clearly enlarges the sensor working range (higher sensitivity at high wall shear stress). An even higher sensitivity can be achieved by lowering Vd (Fig. 5 ). This advantage, however, comes at the expenses of an increase in power dissipation. Fig. 6 shows that when the sensor is operated in CC mode the flow slightly cools down the heating element. This results in a decrease of the micro-heater resistance and thus power dissipation. On the other hand, CT driving mode keeps the average temperature of the heating element constant by increasing the current flow and thus the power consumption. Fig. 7 shows that the lower Vd is, the higher the operating temperature of the micro-heater is, resulting in enhanced convection, higher flow sensitivity/wider range and power consumption. Finally in Fig. 8 the flow sensor angular response is presented. The angular accuracy is below 5° and Vd can be further improved by positioning the diode arrays perpendicularly with respect to their current orientation.
IV. CONCLUSIONS
In this paper we have presented the first CMOS MEMS thermoelectronic multidirectional flow sensor and related CT circuitry. The sensor is experimentally proven to have among the highest sensitivities ever reported and good power efficiency and angular accuracy (which can be both further optimised). Future work will focus on on-chip CT/CTD circuitry integration and application of the sensor as probe for flow vector characterisation in wind tunnels.
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